Introduction
A simple yet highly sensitive detection method for trace arsenic is needed for on-site and real time monitoring of environmental, industrial and drinking waters. Some portable systems have been developed for field analysis of arsenic. 1 Among them, the Gutzeit method, which uses hydride generation and reaction with mercury salts, enables visual detection of arsenic with high sensitivity and selectivity. 2, 3 This method was applied for commercial survey kits. But the utilization of toxic mercury compound is becoming unfavorable recently. Spectrophotometric measurements were attempted by using various reagents like iodide, 4 8-mercaptoquinoline, 5 Ferrozine, 6 Bismuthiol II, 7 Ethyl Violet, 8 Rhodamine B, 9 and Azure B, 10 but their sensitivity or selectivity were insufficient. The molybdenum blue method [11] [12] [13] has been extensively used in the colorimetric analysis of arsenic due to the strong absorption band of reduced heteropolyacids, and was applied for naked-eye detection. 14 However the principal problem of the Mo-blue method is strong interference from coexisting ions, especially from phosphate. Although methods to use molybdoarsenate and dyes exhibited high sensitivity, [15] [16] [17] the procedures are still complicated. Visual detection of arsenic hydride using auric chloride as a colordeveloping agent was reported, 18 but the gold solution revealed limited stability. As an alternative method, arsenic hydride was trapped in an organic solution of silver diethyldithiocarbamate (Ag(DDTC)) and was accompanied by a characteristic color change of the solution. This phenomenon was applied to colorimetric determination of arsenic in actual samples. 19, 20 When the silver dithiocarbamate complex is stably retained on a filter support, a simple sensing filter that is selective for arsenic can be fabricated. In this study, we chose the liquid extractant bis(2-ethylhexyl)ammonium bis(2-ethylhexyl)dithiocarbamate (BBDC) for the synthesis of silver bis(2-ethylhexyl) dithiocarbamate (Ag(BDC)) complex. Bis(2-ethylhexyl)dithiocarbamate is known to form a stable metal complex, [21] [22] [23] [24] and is also used for the selective separation of heavy metals. In our work, prepared Ag(BDC) was stably retained in the filter supports and worked as a signaling reagent for arsenic hydride. In fact, a reddish violet color developed immediately when the gaseous arsenic hydride was passed through the sensing filter. Several kinds of filter supports were examined in order to obtain high sensitivity by marked color change. Addition of low volatile amines was essentially required to maintain the life of sensing filters. Influence of diverse ions including phosphate ion was checked. Naked-eye detection of less than 100 μg dm -3 range was demonstrated.
Experimental

Reagents and chemicals
For synthesis of BBDC, we referred to our previous report. 24 In a stoppered test tube, 25 mmol of bis(2-ethylhexyl)amine ((2EH)2NH) and 12.5 mmol of carbon disulfide were stirred overnight at 30 C under argon. The derived viscous pale yellow liquid, BBDC, was degassed under reduced pressure, and was analyzed with 1 H NMR, 13 C NMR and infrared spectrophotometry. The yield was evaluated as >90% by integrating the NMR peaks. The heptane solution containing 0.02 M (M = mol dm -3 ) BBDC was shaken for 30 min with 0.02 M silver acetate solution at pH 4 buffered by 0.05 M acetate. 25 After centrifuging, the organic phase was washed with 0.01 M nitric acid and water successively, then used for the impregnation into filter supports. In case additional amine was incorporated in filters as a stabilizer, the 1 M amine solution in In this study, a simple and effective method for the detection of trace amounts of arsenic in water samples was developed. Arsenic hydride generated by the reduction of a water sample was passed through a sensing filter retaining silver bis(2-ethylhexyl)dithiocarbamate complex. The original yellow color of the filter immediately turned reddish violet. The difference of color was observed by a reflection spectrophotometer. Sensing filters made of glass fiber gave the highest sensitivity. Addition of low volatile amines effectively stabilized the performance of the sensing filter. Common anions including phosphate ion did not interfere with the arsenic detection. Visual detection of 10 μg dm -3 was achieved in f10 mm filter area using 60 cm 3 of sample solution.
Keywords Arsenic, visual detection, hydride generation, silver dithiocarbamate Notes heptane was mixed with the Ag(BDC) solution to achieve the same concentration as the silver complex.
The solutions of arsenic were prepared by diluting commercial standard solutions of arsenic(III) (Wako, 1 g dm -3 ), and those of other ions were prepared in a similar manner. Zinc powder was of arsenic analysis grade (Wako, particle size < 75 μm), and the other chemicals were of guaranteed grade.
Apparatus
Arsenic and silver concentrations were measured by ICPoptical emission spectrophotometer (ICP-OES, SII SPS3100). The color of filters was measured by reflection spectrophotometer (Konica Minolta CM-2600D), and was digitized in CIE L*a*b* color scale. 26, 27 The color difference (ΔE*(ab)) before and after the reaction was derived as follows:
Procedures
The heptane solution containing Ag(BDC) was uniformly dropped on a f25 mm filter, then dried in air for 30 min. To block trace hydrogen sulfide possibly contained in the gas flow, zinc acetate paper was used, which was prepared by dipping a filter paper in 0.25 M zinc acetate solution and dried in air. The zinc acetate paper, a spacer, and a sensing filter were enclosed in a filter holder (Fig. S1, Supporting Information) .
The conventional zinc-hydrochloric acid method was used for the generation of arsenic hydride from a sample solution. 28, 29 To the sample solution in a 100-cm 3 conical flask, hydrochloric acid was added so that the final concentration reached [HCl] = 1.0 -1.5 M. Then 5 cm 3 of 0.18 M tin(II) chloride solution was added and the mixture was kept for 15 min. Immediately after addition of zinc powder (3.0 g), the filter holder was connected to the end of a conical flask. Arsenic hydride and hydrogen gas evolved were passed through the filter induced by spontaneous pressure. After 1 h of reaction, the reflection spectrum was measured at the center of the filter, and visual detection could be carried out by comparing the color with the standard color chart. By using a larger volume of a sample solution, higher sensitivity was expected. But a large amount of acid would be needed. As such, 20 and 60 cm 3 were selected as the practically appropriate volume. A masking sheet of f10 mm was inserted between the zinc acetate paper and the sensing filter in order to gain more intense color contrast by narrowing the filtration area.
Results and Discussion
The extractant, BBDC, was composed of an ionic pair (R2NH2 + and R2NCS2
-(BDC)), where R is a 2-ethylhexyl group. When 0.02 M BBDC heptane solution was shaken with excess aqueous silver solution, the molar ratio of extracted silver to BBDC was 1.00 ± 0.03 (n = 5). Consequently, BBDC was proved to extract silver quantitatively by forming a 1:1 complex 30 as expressed in Eq. (2),
where o denotes the species in an organic phase. The equimolar mixture of Ag(BDC) and (2EH)2NH was expected to be retained in filter supports. A cellulose filter retaining 0.4 μmol cm -2 of Ag(BDC) was prepared, and the reflection spectrum was monitored in air at room temperature. The absorbance at 360 nm remained at almost a constant value during the 90 days, i.e., 0.83 ± 0.03. This showed the complex Ag(BDC) maintained high stability in air in an ambient environment. With the addition of zinc powder, arsenic hydride was generated immediately accompanied by hydrogen gas. According to the ICP-OES analysis, approximately 97% of arsenic was liberated as the hydride from the sample solution containing 0.2 mg of arsenic within 10 min (Fig. S2, Supporting Information) . When a sensing filter was connected to the flask end, the initial pale yellow color rapidly changed to reddish violet due to the reaction with arsenic hydride. The reflection spectra and color difference were measured with a reflection spectrophotometer. When 60 cm 3 of 0 -100 μg dm -3 arsenic solutions were applied, the peak intensity at around 510 -540 nm increased (Fig. S3 , Supporting Information) as has been observed in Ag(DDTC) methods in solution. 19, 20 The stability of the developed color was measured by leaving the reacted filter in air at room temperature. The initial ΔE*(ab) value, 23.9, became 22.9 (-4.4%) after 6 h, and the change was almost unrecognized visually. Consequently, this sensing system was considered to have sufficient stability for actual detection of arsenic.
Various filter supports were examined to prepare sensing filters, and the color difference values (ΔE*(ab)) are listed in Table 1 along with their hydrogen permeation property. Filter paper having higher hydrogen permeability like 5A showed large ΔE*(ab) values. On the other hand, for those having low permeability like 4A and 5C, the color change was quite limited and could barely be detected by the naked eye. Filter 541 showed low sensitivity in spite of its quite high permeability, probably due to the lack of contact time caused by the large pore size and thinness. Among the tested supports, glass fiber filter GA-100 with considerable thickness and moderate permeability exhibited the maximum color change, and was thus chosen as the support. Color change for 0.1 mg dm -3 arsenic solution was measured by varying the amount of Ag(BDC) from 0.2 to 8.2 μmol cm -2 . The observed ΔE*(ab) values increased with the amount of loading up to 2.0 μmol cm -2 but it became constant at higher amounts. Therefore the loading of Ag(BDC) was fixed at 2.0 μmol cm -2 thereafter. A decrease in sensitivity was sometimes observed when the newly prepared filters were left to stand in air for several days. Such deterioration occurred accompanied by the weight loss and was hence thought to be caused by the loss of free amine from a filter. Free amine is assumed to work as the reaction medium between arsenic hydride and Ag(BDC) in the sensing filter. In order to suppress the loss of sensitivity, low volatile amines, tri-n-decylamine ((C10)3N) or tridodecylamine (mixture of isomers, (C12)3N), were added to be equimolar to Ag(BDC).
The relationship between the color change (ΔE*(ab)) and the time left standing after preparation is exhibited in Fig. 1 . Obviously, the addition of low volatile (C10)3N and (C12)3N maintained high sensitivity for a longer time than (2EH)2N. Therefore, (C10)3N was added to filters after this experiment.
Interference from coexisting ions was examined by mixing 0.1 mg dm -3 of arsenic and 100 times (10 mg dm -3 ) of another ion. The difference of ΔE*(ab) values between the presence and absence of a coexisting ion is exhibited in Table 2 . Most ions except Se(IV) and Sb(III) showed little difference in values, indicating the color change was hardly recognized visually. Dark black coloring by Se(IV) and dark red by Sb(III) suggested hydride formation and reaction with Ag(BDC). [31] [32] [33] Using 60 cm 3 of solutions of various arsenic concentrations, the derived ΔE*(ab) values were plotted in Fig. 2 . Measurement errors by the spectrophotometer were 29, 27, 22 and 13% at 5, 10, 50 and 100 μg dm -3 , respectively, and the detection limit was estimated to be around 3 μg dm -3 , derived from blank signals. The color change of the filter was not clearly recognized at less than 5 μg dm -3 , hence this was determined to be the detection limit under the experimental conditions. The difference of colorations was visually distinguishable between 5 and 10 μg dm -3 , while the resolution of color decreased at the higher region as shown in Fig. 2 . An arsenic concentration of 0.01 mg dm -3 (10 ppb) showed ΔE*(ab) = 11, and was clearly detected by the naked eye (Fig. 3) . This result shows that the sensing filter has the potential for use in the examination of drinking water according to the official guidelines of the World Health Organization 34 and US Environmental Protection Agency. 35 
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